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The control of mercury in flue gas is challenging, and many investigators have focused on different
mercury removal technologies. The application of computational chemistry in understanding mercury

removal mechanisms will help to modify and design mercury removal materials, thereby improving the
efficiency of the removal of mercury in flue gas. Therefore, a review of theoretical studies on the
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adsorption and oxidation of mercury has been undertaken in the current study. In this contribution,
the homogeneous oxidation mechanisms of Hg® as well as heterogeneous interactions including
adsorption of mercury species and oxidation of Hg® on activated carbon, metals, metal oxides and other

materials have been summarized. In addition, possible future directions of theoretical calculations on
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1. Introduction

The demand for energy has been growing rapidly in recent
years with continuing economic development and improve-
ment in worldwide living standards. Coal has remained one
of the main sources of primary energy for decades due to its low
cost and broad availability among the different fossil fuels, and
it plays a strategic role in medium-to-long-term energy produc-
tion systems.™” On the other hand, utilization of coal produces
more pollutants, such as SO, and NO,, than other fossil fuels,
and more greenhouse gases, CO,, and toxins, such as mer-
cury.®” In particular, mercury is a leading concern because of
its volatility, persistence, and neurological health impacts.®™® In
December 2011, the United States Environmental Protection
Agency (U.S. EPA) issued the first national standards - Mercury
and Air Toxics Standards (MATS). The aim is to limit the release
of mercury, acid gases, and other toxic species from coal-fired
power plants.’

The mercury in coal-derived flue gas is mainly present as
elemental mercury (Hg"), oxidized mercury (Hg>"), and particulate
mercury (HgP).'">"" The outer electronic configuration of Hg® is
5d'%6s2,'° and all orbitals are filled with electrons and there is no
unoccupied orbital. Therefore, Hg® is the most difficult species to
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understanding the removal of mercury are outlined.

be removed from flue gas due to its exceedingly high volatility, low
water solubility, and relative chemical inertness.”>® Due to its
water-solubility, Hg>" can easily enter water and be converted to
methyl mercury (MeHg), and then enter the food chain by
bioaccumulation, thereby leading to birth defects or influen-
cing human health.'®'” HgP has a relatively short atmospheric
lifetime and spreads by airborne processes,'® which may cause
respiratory and chromosome damage.'*"? Many sorbents have
been used to remove mercury from flue gas, and adsorption
and oxidization processes have also been detected. Homogeneous
mercury oxidation, mercury adsorption on different materials,
and heterogeneous mercury oxidation have been summarized by
Wilcox et al®® Dranga et al.>" focused on laboratory and plant
scale investigations of noble metal and transition metal oxide
based catalysts and novel methods in the area of catalytic mercury
oxidation. The advantages and disadvantages of different hetero-
geneous catalytic oxidation catalysts of mercury, and the influence
of various acidic gases have also been reviewed during experi-
ments on mercury removal.*> However, a better understanding of
mercury removal mechanisms at the molecular-electronic level
will help modify and design mercury removal materials, thereby
improving the efficiency of removal in flue gas.

Wilcox at Stanford University,”® Zheng at Huazhong Uni-
versity of Science and Technology,>** and other researchers® >
have reported the adsorption and oxidation mechanism of
mercury species on different metals, metal oxides, and other
material surfaces by using theoretical calculation methods. We
have also done some previous work in this field.***® The nature
of adsorption and oxidation of mercury has been established.
Although some reviews focusing on mercury removal technologies
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including the preparation, activity and stability of catalysts have
been reported,®*>? a critical review of the recent advances in the
application of theoretical calculation methods for understanding
mercury removal mechanisms in flue gas is lacking.

In the present work, the homogeneous oxidation of mercury
with different oxidants, such as Cl,, HCI, CIOH and Br species,
will be briefly summarized. Another aspect discussed in this
review is the heterogeneous reaction of mercury on different
surfaces, which may serve to both adsorb and oxidize Hg.
Therefore, the adsorption and heterogeneous oxidation of
mercury on activated carbon, metal and metal oxides are
reviewed. Finally, analysis and future work will be discussed.
These sections will focus on the application of theoretical
calculation methods, such as density functional theory (DFT)
and ab initio methods, for mercury removal, and the corres-
ponding experiments will be compared with these theoretical
results. This will shed light on fundamental clues for exploring
new materials to remove mercury from flue gas.

2. Homogeneous oxidation of mercury

The homogeneous oxidation of mercury using different oxidants
has been studied without any catalysts by using theoretical
methods. Some kinetic parameters can be obtained, which are
not available or difficult to deduce from experiments. It will help
the design of more effective control technologies to prevent their
release into the atmosphere.

The DFT method along with Becke’ three-parameter hybrid
exchange functional and the Lee-Yang-Parr correlation (B3LYP)
with the RCEP60VDZ basis set using Gaussion 03 was employed
to study the oxidation mechanism of Hg® without catalysts, while
Cl,, HCl, Cl, O and HOCI are used as oxidants.>**° In DFT, the
electron density of the compound or element is calculated rather
than the individual electron wave functions. It focuses on the
valence electrons since those have a chance for interaction rather
than the shielded electrons closer to the core. B3LYP is one of the
functionals of DFT, which can produce fairly accurate bond energies
and thermodynamic properties of reactions.*' RCEP60VDZ of

Table 1 Reaction enthalpies of mercury reactions (eV)*®
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the relativistic effective core potentials represents 60 core
electrons of the mercury atom, which is derived from numerical
Dirac-Fock wave functions using an optimizing process based
upon the energy-overlap functional. The program accurately
predicts both the bond distances and vibrational frequencies of
the elements and compounds in reactions. Rice-Ramsberger—
Kassel-Marcus (RRKM) theory was used to predict rate con-
stants, and the rate constants within 298.15-2000 K show that
Cl, and HOCI play a major role in the oxidation of mercury with
HCI, and the atomic chlorine is likely involved in the dominant
oxidation pathway because Hg oxidation is primary carried out
through a Cl atom recycling process.*” In addition, the rate
constants from 298 to 2000 K decrease as the temperature
increases for reactions (R1) and (R2), whereas the insertion
reaction (R3) is found to proceed very slowly with large pre-
exponential factors. It will provide fundamental information
for the removal of mercury.

HgCl + Cl < HgCl, (R1)
Hg + O < HgO (R2)
Hg + Cl, < HgCl, (R3)

In addition, a series of mercury reactions may take place in
the flue gases of coal combustion;** the reaction enthalpies are
listed in Table 1. An ab initio method, Quadratic Configuration
Interaction with Single and Double Excitations with the RCEP28DVZ
basis set (QCISD/RCEP28DVZ), was chosen to study the reaction
mechanism according to a comparison of theoretically determined
geometries, frequencies, and reaction enthalpies with experimental
values. Furthermore, the kinetic parameters over the temperature
range of 298-1500 K are shown in Table 2, which have not been
obtained from the experiment due to its difficulty. These can be
incorporated into the development of kinetic modes for predicting
the mercury speciation. In addition, the effect of different gases on
the oxidation of Hg by Cl-containing species has been studied. O,
weakly promotes homogeneous Hg oxidation, whereas moisture is a
stronger inhibitor. NO can promote or inhibit homogeneous Hg
oxidation depending on its concentration.*”

Level of theory

QCISD B3PW91 B3LYP MP2
Reaction Exp. RCEP ECP RCEP ECP RCEP ECP LANL SDD
Hg + HCl = HgCl + H 3.40 3.22 2.91 3.33 2.98 3.43 3.11 3.23 2.36
Hg + HOCI = HgCl + OH 1.35 0.94 0.63 1.26 0.90 1.29 0.97 1.08 0.63
HgCl + HCI = HgCl, + H 0.89 0.95 0.78 1.12 0.85 1.25 0.98 1.45 0.16
HgCl + Cl, = HgCl, + Cl -1.07 —-1.29 —1.46 —0.81 -1.07 —0.80 -1.07 —0.60 —1.98
Hg + CI = HgCl —1.08 —-1.15 —1.46 —-1.13 —1.48 —1.01 —1.33 —1.21 —0.68
Hg + Cl, = HgCl + Cl 1.43 0.98 0.67 1.40 1.05 1.35 1.06 1.20 0.23
Hg + Cl, = HgCl, —2.15 —2.44 —-2.91 —1.94 —2.56 —-1.81 —2.40 —-1.79 —2.66
HgCl + Cl = HgCl, —3.59 —3.42 —3.59 —3.34 —3.60 —-3.19 —3.46 —2.99 —2.89
HgCl + HOCI = HgCl, + OH —-1.15 —-1.33 —1.50 —0.96 —1.22 —0.89 —1.16 —0.69 —1.58
Hg + 2HCI = HgCl, + H, —0.24 —0.30 —0.78 0.03 —0.58 0.14 —0.46 0.13 —-1.16
Average absolute error 0.21 0.45 0.16 0.25 0.22 0.20 0.36 0.76

Note: B3PW91 denotes Perdew—Wang 91 for correlation and Becke-three for exchange; RCEP denotes RCEP28DVZ; ECP denotes ECP28MWB;
LANL denotes Los Alamos National Laboratory 2 double { (LANL2DZ) basis set; MP2 is second order Mgller—Plesset perturbation theory.
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Table 2 Kinetic parameters (T = 298-1500 K, P = 1 atm)*®

View Article Online

Review

No. Reaction A (em® mol ' s7) E, (eV) Rate expression (cm® mol ' s77)
1 Hg + HCl = HgCl + H 1.69 x 10 3.86 k=1.69x10M e—44821T

2 Hg + HOCI = HgCl + OH 1.14 x 10" 0.64 k=114 x 10" e77407

3 Hg + ClO = HgO + Cl 1.81 x 10*? 2.20 k=1.81 x 1012 e 25465/T

4 Hg + Cl, + M = HgCl, + M 1.04 x 10 1.71 k=1.04 x 10™ 198727

5 Hg + N,O = HgO + N, 7.35 x 10 1.91 k=735 x 101 221107

6 Hg + O; = HgO + O, 1.44 x 10™ 1.40 k=144 x 1014 e~ 16258/T

7 HgO + HCl = HgCl + OH 2.36 x 10" 3.40 k=3.32 x 10" 734317

8 HgO + HOCI = HgCl + HO, 1.75 x 10" 2.48 k=254 x 10 7287727

9 Hg + NO = HgO + N 1.32 x 103 7.00 k=1.32 x 1013 e 812057

A series of Hg-Br reactions have been studied by electronic
structure calculations using ab initio methods.** Theoretical
activation barriers show that the combination of Hg with Br is
surprisingly easy with the least barrier at 298.15 K according to
the B3LYP/ECP60MDF, B3LYP/ECP60VDZ and CCSD(T)/AVTZ
calculations. This is in agreement with the result obtained by
using the RRKM theory together with ab initio quantum
calculations wusing the Stevens-Basch-Krauss triple-split
CEP-121G basis set.*®> However, further addition of Br to form
HgBr, is slightly easier than the thermal decomposition of
HgBr, which is not consistent with the study reported by
Goodsite et al.*®> They believe that a competition will occur
between these two reactions. A similar result is obtained from
Hg-Cl reactions; the combination of Cl and Hg with an
activation energy of 0.09 eV at the MP2/CEP-121G level® is
easier than that of dissociation of HgCl with an activation
energy of 0.68 eV at the QCISD/60VDZ level,*” and further
addition of CI to form HgCl, needs an activation energy of
0.37 eV at B3LYP/60MDF,"® which is slightly easier than that of
dissociation of HgCl. Reaction (R4) has quite high activation
barrier, which shows that this reaction is kinetically limited.
Upon considering reactions (R5) and (R6), the latter is thermo-
dynamically favored over the former, while the kinetics of the
former are favored over that of the latter. This implies that both
formation pathways are likely. These reactions, such as (R5) and
(R7)-(R9), have low activation barriers.

Hg + HBr — HgBr + H (R4)
HgBr + Br, — HgBr, + Br (R5)
HgBr + HBr —» HgBr, + H (R6)

HgBr + Br — Hg + Br, (R7)

HgBr + H — Hg + HBr (R8)
HgBr, + H — HgBr + HBr (R9)

A detailed review on the homogeneous mercury oxidation
kinetics of Hg-Cl and Hg-Br reactions has been reported, in
which the consistence of the computational and experimental
results was confirmed.”” Recently, the reaction mechanism of
insertion reaction, Hg + X, — HgX, (X = Cl, Br and I), has been
studied using the B3LYP, ®B97X, B2PLYP, M06, and M06-2X

This journal is © The Royal Society of Chemistry 2015

functionals with three different basis sets, LANL2DZ, SDD,
and aug-cc-pVTZ-PP. This insertion path is impossible due to
its high energy barrier,*® which agrees with the Br, and Cl,
calculation results of Balabanov et al.*® and Liu et al.,** respec-
tively. Therefore, the presence of halogen radicals or active
surfaces is needed to generate HgX, in the modeled experi-
ments, which is in good agreement with the results of previous
work.*? In addition, the halogen radical can be easily formed on
the catalyst surface, which indicates that catalysts can consider-
ably lower the energy barriers. Therefore, people have made a lot
of efforts in studying heterogeneous oxidation of Hg® and great
progress has been achieved in this area. However, a review in
this area is lacking. Thus, the majority of this review was devoted
to fill the gap.

3. Heterogeneous reaction
3.1 Adsorption of mercury on different materials

3.1.1 Activated carbon. Sorbent materials such as activated
carbon, metal oxides and pure metals can effectively capture
mercury. Among these materials, active carbon is one of the
most widely used sorbents because of its high removal capa-
city.’® In addition, chlorine-, iodine- and sulfur-promoted
activated carbons exhibit a far greater capacity for capturing
elemental mercury,” and the mercury removal efficiency
increases greatly with the increase of oxygen concentration.>
Physical adsorption is the first step in the removal of mercury
for both unpromoted and promoted carbons, while chemical
reactions between the adsorbed mercury and sulfur, chlorine,
and iodine are the second steps for various promoted acti-
vated carbons.’’ Furthermore, other coexistent gases in flue
gas have different influences on the removal of Hg using
activated carbon.>® For example, HCI can efficiently improve
mercury removal®* via the Deacon reaction, and Cl, is formed.
Furthermore, O, promotes mercury removal, while SO,
suppresses mercury removal; this is because O, is favorable
for the Deacon reaction, whereas SO, inhibits the Deacon
reaction. Hg® removal capacity of AC can be improved in the
presence of both H,S and O,; the possible mechanism is
that oxidation of H,S with O, to elemental sulfur, as shown
in (R10), may contribute to the Hg° removal, and HgS
is formed.”® O, is indispensable for Hg° removal from the
H,S-SO, flue gas system, and the mechanism includes
the Clause reaction (R11) and the following reaction (R12).

Energy Environ. Sci., 2015, 8, 3109-3133 | 3111


http://dx.doi.org/10.1039/C5EE02255J

Published on 04 August 2015. Downloaded by Taiyuan University of Technology on 26/02/2016 02:21:44.

Review

The reducing gases, CO and H, decrease the Hg® removal rate,
while H,O promotes Hg” removal by activated carbon.>®

H,S + 1/20, = S,q + H,O (R10)
SO, + 2H,S = 3S,4 + 2H,0 (R11)
Saa + Hg = HgS (R12)

Halogen embedded activated carbon. Different activated carbon
models have been built by fusing several benzenes with different
edges, and with halogen groups bonding to these models, with
the aim of investigating the effect of halogen on mercury
removal by activated carbon.

The mechanism of the adsorption of Hg, HgCl and HgCl, on
activated carbon was studied using the DFT method at B3LYP
with the LANL2DZ basis set in the Gaussion 03 package.”” A
single graphene layer with an unsaturated edge on the upper
side and chlorine atoms at different sites of the graphene
modes was built; this is shown in Fig. 1 and 2. The adsorption
energy, E.q4s, is obtained from the interaction between some
molecules and the surface, which can be calculated as

Eags = Eror(ads) + Eo(slab) — Ey(ads/slab)  (E1)

where E(ads), E.(slab) and E(ads/slab) are the total energies
of the free adsorbate in the gas phase, the bare slab, and the slab
with the adsorbate in its equilibrium geometry, respectively.
Hg adsorbs on the unsaturated surface with adsorption
energies of 0.62 and 0.64 eV. HgCl is formed when Hg adsorbs
on the chloride-containing surface. HgCl and HgCl, can be
adsorbed dissociatively and non-dissociatively; HgCl remains
on the surface while stable HgCl, is not found on the surface.
Likewise, HgBr species are more stable on the carbon surface
than HgBr, species according to the plane-wave DFT calcula-
tions based on the Perdew-Burke-Ernzerhof functional of the
generalized gradient approximation (GGA-PBE) method.>® Elec-
tronic structure calculations have also been carried out to
determine the surface reactivity, and DOS calculations indicat-
ing that Hg is more stable when it is bound to the edge C atom

View Article Online
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interacting with a single Br atom bound atop of Hg via s- and
p-state hybridization of Hg with Br and C p-states.”® In addi-
tion, a different fused-benzene 2 x 2 ring cluster has been built
to model activated carbon, and the effect of halogen atoms on
Hg adsorption capacity has also been studied using the DFT
method at the B3LYP level with the LANL2DZ basis set.”® Fig. 3
shows the models of mercury adsorbed on activated carbon
and halogen-embedded activated carbon, and the adsorption
energies and C-X bond distances are listed in Table 3. It can be
seen that the adsorption energies of Hg on the halogen-
embedded activated carbon are larger than that on the activation
carbon, and the order of mercury adsorption isF > Cl > Br > L.
Almost an equal promotion effect of Cl and Br on the adsorption
of Hg by activated carbon using zigzag models and armchair
models was obtained by Liu et al.°® B3PW91 of the DFT method
with the RCEP60VDZ basis set uses a relativistic compact effec-
tive potential of Stevens et al. group®" in this study. This is in
good agreement with experimental results,®> in which Cl is
impregnated into activated carbon, resulting in a significant
Hg® removal efficiency of 80-90%, compared to original acti-
vated carbon, with a Hg® removal efficiency of only 10-15%. In
addition, bromine-impregnated carbon fiber was prepared to
test the removal efficiency of Hg in the presence of NO, and
S0,.%* NO or NO, promotes the oxidation of Hg" to Hg>", while
SO, inhibits the adsorption and oxidation of Hg° due to SO,
scavenging the surface bromine species. However, bromine is
more effective than chlorine for homogeneous oxidation of
mercury through gas-phase reaction.®*

Oxygen functional group embedded activated carbon. The
effect of different oxygen functional groups on the adsorption
of Hg on activated carbon has been studied by using the B3LYP
functional with the LANL2DZ basis set,’® and the optimized
structures are shown in Fig. 4. Lactone and carbonyl functional
groups yield the biggest adsorption energies. Carbonaceous
models with zigzag and armchair edges were also built, and

G-CICI(1) G-CICI(2)

G-CICI(3)

Fig. 2 Graphene modes with chlorine.®’

3112 | Energy Environ. Sci., 2015, 8, 3109-3133

Fig. 3 Cluster models of mercury adsorbed on activated carbon and
halogen-embedded activated carbon. X: F, Cl, Br, and 1.>°

Table 3 Adsorption energies and C-X bond distances of Hg associated
with the clusters®

Adsorption energies (eV) C-X bond distances (A)

AC —0.19 —

AC-F —0.42 1.42
AC-Cl —0.34 1.85
AC-Br —0.29 1.98
AC-I —-0.23 2.17

This journal is © The Royal Society of Chemistry 2015
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the adsorption structures of Hg® on the models with different
oxygen functional groups are shown in Fig. 5.°° The DFT
method with the B3PW91-RCEP60VDZ basis set was used to
calculate adsorption energies, as shown in Table 4. It can be
concluded that lactone, carbonyl and semiquinone groups have
a promotional effect on Hg® adsorption because activities of the
neighboring sites of carbonaceous materials with these groups
have been increased. In addition, phenol and carboxyl func-
tional groups show physisorption of Hg®.

Sulfur containing species embedded activated carbon. Elemen-
tal sulfur has been impregnated in activated carbon to remove
mercury; in this case, temperature does not have a significant
effect on Hg® adsorption.’> A chemical reaction mechanism
between Hg® and S is suggested to explain Hg” adsorption when
the activated carbon contained sulfur, and HgS is formed. How-
ever, HgS can diffuse into the sulfur liquid phase, breaking up
sulfur chains to provide additional sulfur terminal atoms to react
with mercury.®® The capture of Hg® for activated carbon without
sulfur is a physisorption mechanism, due to lower Hg® capture at
higher temperature. In addition, the effect of different gases in flue
gas on the mercury removal capacity has also been investigated.®”

Phenol

Carboxyl

Fig. 4 Activated carbon clusters with oxygen functional groups: lactone,
carbonyl, phenol, and carboxyl.>®

View Article Online
Review
Table 4 C-Hg bond lengths and adsorption energies of Hg® adsorption

on the carbonaceous surface without and with different oxygen functional
groups®®

Model C-Hg bond lengths (A) Eags (€V)
Zigzag-A 2.29 —-0.31
Zigzag-BC 2.32 —0.46
Armchair 2.23 —0.50
Zigzag-carbonyl 2.33 —1.43
Zigzag-carboxyl 2.36 —0.17
Zigzag-lactone 2.27 -1.70
Zigzag-phenol 2.29 —0.45
Zigzag-semiquinone 2.28 -1.31
Armchair-carbonyl 2.32 —-1.80
Armchair-carboxyl 2.28 —0.36
Armchair-phenol 2.26 —0.53
Armchair-semiquinone 2.27 -1.24

CO,, SO, and NO had no impact on the adsorption capacity of
mercury by sulfur-impregnated activated carbons when the
amount of CO, is less than 15%, and SO, and NO are below
1600 and 500 ppm, respectively; O, can increase the uptake
capacity to 30%; while moisture decreases the capacity for
capturing mercury. Liu et al®® have studied the effect of SO,
on mercury adsorption on the carbonaceous surface using the
DFT method with the B3PW91-RCEP60VDZ basis set and the
cluster model; a six-fused benzene ring model with the unsatu-
rated edge was built to represent the carbonaceous surface.
The adsorption structures of Hg on the carbonaceous surface
without and with SO, are shown in Fig. 6. The adsorption of SO,
increases the Hg® adsorption capacity due to an increase of
activity of neighboring sites. However, higher concentrations of
SO, decrease the adsorption ability because SO, competes for
the activate sites on the carbonaceous surface with Hg.

Fig. 6 Models for Hg adsorption on the carbonaceous surface without
and with $O,.58

©OHg

Armchair-carbonyl

Armchair-carboxyl

Zigzag-semiquinone

Zigzag-lactone

©OHg ©Hg

Zigzag-phenol

Armchair-phenol Armchair-semiquinone

Fig. 5 Adsorption of Hg on the carbonaceous surface with oxygen functional groups: lactone, phenol, carboxyl, carbonyl and semiquinone.®°

This journal is © The Royal Society of Chemistry 2015
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Sulfur containing groups have also been introduced in glass
fiber supported activated carbon fibers, and the sulfur atoms
were incorporated into the carbon matrix in the form of sulfide
and sulfate.®® The sulfur groups appeared to be more effective
for mercury removal than sulfate. The possible mechanism for
Hg adsorption by a sulfide group is shown in Fig. 7, which
includes three steps: (1) oxidation: Hg® is oxidized to Hg>* and
forms a double bond with S using two pairs of shared electrons;
(2) electron transfer: one electron transfers from the HgS double
bond to the C-S single bond, leaving one electron of Hg and one
electron of carbon being reactive; and (3) rearrangement: the
reactive electron of Hg and the reactive electron of carbon form a
single bond.

Activated carbon impregnated with M,0,. To improve mercury
removal efficiency, impregnation of some metal oxides, such
as V,05, MnO,, Fe,0; and CeO,, into activated carbon has been
studied.

Wang et al.”® prepared the activated coke (AC) supported
V,05 (V,05/AC) catalyst. From their work, it can be concluded
that the Hg® capture capability of V,05/AC was much higher
than that of AC. Furthermore, capture increases with an
increase in V,0s loading and is promoted by O,, which
indicates an important role of V,0s in Hg® oxidation and
capture. The removal ability is promoted slightly by SO, but
is inhibited by H,O, and increases with an increase in tem-
perature up to 150 °C, when Hg desorption starts. Similarly, AC
supported MnO,, Fe,0;”" and CuO have also been prepared.”

xO0,/AC has higher capability for removing mercury than that
of AC, and the trend is MnO,/AC > Fe,O03;/AC > CuO/AC. In
addition, the Hg® removal capability of MnO,/AC increased with
the loading of MnO, (1-10 wt%) and temperature (120-200 °C). In
the same way, CeO, impregnated into activated carbon fiber
(ACF) has also significantly enhanced the Hg® removal ability of
ACF, and the optimized loading value is 6%.”> The removal
ability of Hg® increased with an increase in temperature below

Electron transfer

.Hg
H

wne

Hg
SO
(XY e

Fig. 7 A possible mechanism for Hg adsorption by a sulfide group.®®
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150 °C, and then decreased after 150 °C. Both NO and SO, have
a positive effect on Hg’ oxidation. At the same time, CeO,
loaded on AC has been prepared to capture mercury, and the
Hg® capture capacity of CeO,/AC is much higher than that of
AC.”* A promoting effect of SO, on removing Hg has also been
detected, and the Hg® capture ability of CeO,/AC was 50%
higher than that of AC when the concentration of SO, was
500 ppm, and then decreased slightly when the SO, concen-
tration increased to 5000 ppm. HgO and HgSO, are the main
forms of oxidized Hg. In addition, HCl can also result in a
higher level of mercury oxidation.

However, the functions of M, 0, on different carbon materials
are not clear, such as whether M, O, increases the activation sites
of carbon materials, or carbon materials increases the disparity
of M,O,, or whether the interaction between M0, and carbon
materials is increased or reduced. Furthermore, it has not been
established whether an Eley-Rideal (E-R) mechanism, or a
Langmuir-Hinshelwood (L-H) mechanism, or a Mars-Maessen
(M-M) is the dominant mechanism. Finally, the difference
between M,0,/AC and M,O, has not been determined. These
effects need to be explained at molecular-electronic levels by
the theoretical calculation method.

3.1.2 Single metal. Copper and some noble metals including
gold, silver, platinum and palladium have been used for removing
mercury from flue gas, and the interaction mechanisms have
been studied by different theoretical methods.

Gold is often the preferred metal for capturing Hg in flue
gas due to its high collection efficiency. In addition, it is not
influenced by sulfur-containing species, such as SO,, H,S, and
organic substances.”> However, the capture efficiency of Hg
depends on the temperature.”® The adsorption of elemental
mercury on small neutral, cationic and anionic gold clusters
(Au,, n = 1-6) by using the DFT method has been studied.”’
GGA-PW91PW91 exchange and correlation functionals were
selected.”® For a heavy Au atom, the LANL2DZ basis set and
the corresponding Los Alamos relativistic effective core potential
(RECP)"*®" were employed to take scalar relativistic effects into
account, including mass velocity and Darwin corrections. The
adsorptions of Hg on the three gold clusters are thermodynamically
favorable. The adsorption energies of Hg on the cationic Au,
clusters are greater than those on neutral and anionic clusters.
Natural bond orbital (NBO) analysis indicates that the flow of
electrons in the neutral and charged clusters is mainly due to
the s orbitals of Hg and Au. The results of NBO analysis also
indicate that the adsorption energy of Hg with Au, clusters is
directly proportional to charge transfer; the greater the charge
transfer, the higher the adsorption energy. It can be concluded
that frontier molecular orbital theory is a useful tool to predict
the selectivity of Hg adsorption.

Lim et al.*® have studied the adsorption of Hg, HgS and HgO
on the perfect, vacancy, sulfur and oxygen precovered Au(111)
surfaces by using the DFT method with the GGA-PW91 func-
tional. The adsorption strength of Hg on Au(111) increases
from —0.42 to —0.55 eV when the number of surface vacancies
increases from 0 to 3. However, the adsorption energy
decreases with more than three vacancies. Atomic sulfur and
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oxygen precovered-Au(111) surfaces lower the Hg stability when
Hg adsorbs on the top of S and O atoms. However, a cooperative
effect between adjacent Hg atoms is observed as the number of
S and Hg atoms increases on the perfect Au(111) surface,
resulting in an increase in the magnitude of Hg adsorption.
For the adsorption of HgS, the S p-orbitals are strongly hybri-
dized with the Au d-orbitals and shifted to the lower energy
level, which is primarily responsible for the interaction of HgS
with S bound directly to the Au surface. The d-orbital of Hg
interacting with the Au surface is hybridized with the d-orbital
of Au between approximately —6 and —3 eV. This contributes to
the stability of the HgS molecule on the Au surface; see Fig. 8.
Furthermore, the interaction of HgO on the Au(111) surface is
similar to the interactions of HgS. The peak corresponding to
the HgO interaction is much deeper at approximately —0.72 eV.
The Hg d-orbital hybridization of HgO with the Au d-orbital is
stronger, more broadened, and more shifted to the lower
energy level than that of HgS, which is responsible for the
stronger Hg-O interaction than Hg-S on the Au surface.

For the removal of mercury by silver, a small quantity of Ag
supported on 4A molecular sieves has been prepared; the study
shows that the Ag/4A sieves are active, renewable, and stable for
long term operation.®” In addition, H,S in natural gas up to 1 ppm
will not influence Hg removal under dry operating conditions.
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Fig. 8 Projected density of states (PDOS) of (a) HgS and (b) HgO adsorbed
on the Au top site of the Au(111)-p(2 x 2) surface with the Fermi energy
referenced at O eV. The inset presents the Hg d-orbital and S s-orbital of a
gas-phase HgS molecule.?®
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A natural chabazite-based silver nanocomposite (Ag/MC) has also
been synthesized to capture mercury from flue gases, and silver
nanoparticles are the main active components.** A complete
capture of mercury by Ag/MC is achieved up to a capture
temperature of 250 °C, and the captured mercury can be released
by simple heating at 400 °C. In order to understand the removal
mechanism, small neutral and charged Ag,, clusters (n = 1-6) have
been built, and the adsorption of elemental mercury on these
Ag clusters is studied by using the DFT method with the
GGA-PBE1PBE functional, in which PBE1PBE/SDD is for Ag
and PBE1PBE/ECP60MWSB is for Hg.®* Adsorption energies,
Mulliken charge, NBO charge and frontier molecular orbitals
are used to provide insights on the interacting mechanism of
Hg to different Ag, clusters. The cluster size and charge affect
the adsorption of Hg significantly. On the neutral clusters, the
adsorption energies increase first and then decrease. The
shorter interaction results in a shorter Hg-Ag bond distance
at n = 4, the distance of 2.75 A between Hg and Ag is the
shortest, and the BE of Ag,Hg is the highest. The adsorption
energies for cationic clusters decrease with increasing cluster
size, while for the negatively charged Ag, clusters, the adsorp-
tion energies have an odd-even pattern except for Age~. There
is a linear relationship between the lowest unoccupied mole-
cular orbital (LUMO) energies of the neutral and cationic Ag,
clusters and the adsorption energies, and for the anionic Ag,
clusters, there is a linear relationship between the highest
occupied molecular orbital (HOMO) energies and the adsorp-
tion energies (Fig. 9). NBO analysis shows that neutral and
cationic Ag, clusters are electron acceptors, while anionic
clusters are electron donors. The electron flow in the neutral
and charged Ag,Hg is mainly from the s orbital of Ag to the s
orbital of Hg. Moreover, for the neutral and anionic Ag,Hg
complex, electron transfer also occurs from the p orbital of Hg
to the s orbital of Ag. The more the charge transfer, the higher
is the BE.

Dowben et al®® have investigated the adsorption of
mercury overlayers on Cu(100) by atom beam scattering, low
energy electron diffraction and angle resolved photoemission.
It can be concluded that there is an attractive interaction
between Hg atoms on the Cu(100) surface. The interactions
between Hg with Cu(111) and Cu(001) surfaces have been
investigated by using the plane-wave DFT method in the Vienna
Ab initio Simulation Package (VASP) code, and projector augmented
wave (PAW) potentials were used.®” The adsorption energies are
-0.51 to —0.53 eV and —0.67 to 0.27 eV at different coverages,
respectively.

The Hg removal capacity of Pt supported on alumina in a
range of different metal loadings from 2 to 9 wt% using Hg
vapor in a simulated fuel gas feed has also been investigated.®®
The effect of O, and H, on the adsorption of Hg has been
studied,® it shows that O, and H, do not separately prevent Hg
adsorption in the low-temperature region, but when H, is
passed over a fresh catalyst sample, and then followed by O,,
adsorption of Hg in the low-temperature region is completely
blocked. Treating the fresh catalyst, which presumably contains
adsorbed O,, with H, does not prevent adsorption of Hg in the
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Fig. 9 Relationships between adsorption energies of the most stable complexes and LUMO (HOMO) energies of neutral and charged Ag,, clusters.®*

low-temperature region. The interactions of Hg with Pt(111)
and Pt(001) surfaces at different coverages have been investi-
gated,”” and the adsorption energy is 0.67-0.75 eV and
0.58-1.09 eV, respectively. The charge density shows that
AQ = —0.18 e for the p(4 x 4) surface, and the d-band center
for the bare Pt surface is located at —2.43 eV. After adsorbing
Hg, the d-band is slightly lowered to —2.50 eV.

The enthalpies of amalgamation and oxidation for 22 metals
as potential high-temperature Hg sorbents have been calcu-
lated by Jain et al.;*° PAW potentials distributed in the VASP
package and the GGA-PBE functional were used, and it is found
that Pd is the most promising candidate for Hg removal due to
its highest amalgamation enthalpy in all metals. This is con-
sistent with the experimental results.”* Pt and Pd acting as Hg
sorbents from fuel gas have been investigated. A solid solution
of Hg in Pd was formed when Hg is adsorbed on the Pd/o-Al,O3
sorbents, resulting in a substantial increase in the lattice
parameter, according to X-ray diffraction (XRD) data, which
shows that Pd is significantly better than Pt for removing Hg.
Steckel®” theoretically screened potential metal sorbents for
mercury capture using the DFT method, and they also found
that Pd is the most effective. Tables 5 and 6 show that the
interaction with mercury in the order of increased reactivity
over the different metals studied is Ag < Au < Cu < Pt < Pd.
The adsorption of Hg, (n = 1-3) on the perfect, step and

3116 | Energy Environ. Sci., 2015, 8, 3109-3133

Table 5 Hg adsorption on (111) metal surfaces on hollow sites: 0 denotes
coverage, E,q4s denotes adsorption energy, M—Hg and Hg—Hg denote the
distance between adsorbed Hg and the substrate or neighboring Hg

atoms, respectively®”

Overlayer O (ML) E. (eV) M-Hg (A) Hg-Hg (A)
(2v/3 x 3)-Hg/Ag(111) 0.083 —0.34  3.00 8.83
(2\/5 X 3) Hg/Au(111) 0.083 —0.36 2.99 8.85
(2v/3 x 3)-Hg/Cu(111) 0.083 —0.52 275 7.70
(2v/3 x 3)-Hg/Pd(111) 0.083 —0.84  2.81 8.41
(2\/5 X 3) Hg/Pt(111) 0.083 —0.75 2.86 8.44
p(2 x 2)-Hg/Ag(111) 025  —0.36  3.01 5.88
p(2 x 2)-Hg/Au(111) 025  —0.38  3.01 5.90
p(2 x 2)-Hg/Cu(111) 025  —0.53 2.78 5.14
p(2 x 2)-Hg/Pd(111) 025  —0.81  2.83 5.61
p(2 x 2)-Hg/Pt(111) 025  —0.68  2.88 5.62
(\/§ \/_R30°)—Hg/Ag(lll) 0.333 —0.31 3.06 5.08
(V3 x V3R30°)-Hg/Au(111) 0.333  —0.32 3.05 5.09
(V3 x v3R30°)-Hg/Cu(111) 0333  —0.48  2.82 4.43
(\/_ fR30°) -Hg/Pd(111) 0.333  —0.80 2.83 4.84
(V3 x V3R30°)-Hg/Pt(111) 0.333  —0.67  2.89 4.85
p(2x2)-Hg/Ag(111) 0.5 —0.37  3.09 3.40
p(2x2)-Hg/Au(111) 0.5 —0.35 3.1 3.41
p(2x2)-Hg/Cu(111) 0.5 —0.51  2.87 2.97
p(2x2)-Hg/Pd(111) 0.5 —0.81  2.85 3.24
p(2x2)-Hg/Pt(111) 0.5 —0.69  2.92 3.25

This journal is © The Royal Society of Chemistry 2015
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Table 6 Hg adsorption on (001) metal surfaces on hollow sites: 0 denotes
coverage, E,qs denotes adsorption energy, M—Hg and Hg—Hg denote the
distance between adsorbed Hg and the substrate or neighboring Hg
atoms, respectively®”

Overlayer O (ML) E.q(eV) M-Hg(A) Hg-Hg (A)
c(4 x 4)-Hg/Ag(001)  0.125 —0.50 3.01 8.32
c(4 x 4)-Hg/Au(001)  0.125 —0.61 2.94 8.35
c(4 x 4)-Hg/Cu(001)  0.125 —0.67 2.78 7.26
c(4 x 4)-Hg/Pd(001)  0.125 —-1.10 2.83 7.93
c(4 x 4)-Hg/Pt(001) 0.125 —1.09 2.83 7.95
c(2 x 2)-Hg/Ag(001) 0.5 —0.51 3.02 4.16
¢(2 x 2)-Hg/Au(001) 0.5 —0.51 3.00 4.17
¢(2 x 2)-Hg/Cu(001) 0.5 —0.71 2.80 3.63
c(2 x 2)-Hg/Pd(001) 0.5 —1.08 2.83 3.97
c(2 x 2)-Hg/Pt(001) 0.5 —0.97 2.85 3.98
c(1 x 1)-Hg/Ag(001) 1.0 —0.30 3.30 2.94
¢(1 x 1)-Hg/Au(001) 1.0 —0.35 3.39 2.95
¢(1 x 1)-Hg/Cu(001) 1.0 0.27 3.14 2.57
c(1 x 1)-Hg/Pd(001) 1.0 —0.67 2.95 2.80
c(1 x 1)-Hg/Pt(001) 1.0 —0.58 3.05 2.81

vacancy-defective Pd(111) (Fig. 10) has been studied.** The
existence of vacancy and step defects can enhance the mercury
adsorption activity of Pd adsorbents (see Table 7). In addition,
the y-Al,O3 supported single Pd atom (Fig. 11) shows good
Hg adsorption activity as the perfect Pd(111) surface at low Hg
coverage, which is well in line with the experiment.”> The Hg
adsorption on Pd/y-Al,0; weakens the binding of Pd to the
v-Al,O; surface. Moreover, M-substituted (M = Au, Ag, Cu)
Pd(111) surfaces also show good Hg adsorption capacity at low
Hg coverage (<0.22 eV).”® These supported and M-substituted
catalysts can not only reduce the usage of noble Pd, but also
maintain the activity of Pd. A Pd/Al,O; sorbent has also been
developed, using an incipient wetness impregnation method, to
capture element mercury at high temperature,®® and it is found
that over 90% of the mercury is captured by this sorbent with a
Pd loading of 8%. However, the authors suggest that a Pd-Hg
amalgam is formed, which is the reason for the capture of Hg.

3.1.3 Alloys. From the above studies, Pd shows excellent
Hg removal capacity. However, Pd is an expensive noble metal,
thus the cost of Hg removal will be high. Consequently, Pd
binary alloys have been studied to predict their removal Hg
efficiency. The mechanisms of Hg adsorbing on the binary
alloys PAM(111) [M = Au, Ag and Cu] have been investigated.
Fig. 12 shows the (111) surface and different adsorption sites.
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Table 7 Adsorption energies (eV) for Hg, (n = 1-3) and the stepwise

adsorption energies for the first, second, and third Hg atom on different
substrates™*

Substrates Hg, Hg, Hg; 1stHg 2nd Hg 3rd Hg
Perfect Pd(111) —0.84 —1.58 —2.24 —0.84 —-0.78 —0.73
Step Pd(111) —1.52 —2.79 —4.00 —1.52 —1.31 —1.30
Vacancy-defective Pd(111) —2.25 —3.06 —3.74 —2.25 —0.85 —0.75
Gas phase Pd atom —0.81 —1.48 —2.02 —0.81 —0.70 —0.61
v-Al,03(110) —0.31 —0.44 —0.53 —0.31 —-0.16 —0.16
Pd/y-Al,04(110) —0.82 —1.21 —1.52 —0.82 —0.43 —0.38

The adsorption energy of Hg shows that Pd is the primary surface
atom responsible for improving the interaction of mercury with the
surface atoms in both Pd binary alloys and overlays.>>*° There is a
fairly linear relationship between the d-band center of the surface
atoms and Hg binding, as shown in Fig. 13. DOS analysis shows
that there is a significant overlap between the s- and p-states of Pd
and the d-states of Hg, leading to a strong adsorbate-substrate
interaction. Recently, the screening method developed by Jain
et al®® has been used to evaluate 17 different binary metal alloys
suitable for Hg capture using the VASP package with the PW91
functional.”® The Gibbs energy of reaction for the Hg adsorption
reaction and the competing steam oxidation are calculated by (E2)
and (E3), respectively. A negative Gibbs energy of reaction implies
that the reaction will move toward the formation of products and is
therefore favorable in the case of Hg adsorption and unfavorable in
the case of steam oxidation. The AGn1 Of EuSn, YbSn, BaSn,
SmPd, and EuPb is less than 0.21 eV, which shows a favorable Hg
adsorption reaction. However, the Gibbs energies of reaction for
their respective steam oxidation reactions are roughly an order of
magnitude larger, making it very unlikely that these materials
would be stable in a syngas environment. Therefore, it can be
concluded that none of the materials investigated are suitable for
Hg capture at the low concentrations and higher temperatures
of the syngas. Those that are predicted to potentially form stable
Hg-containing ternary alloys are much more likely to be oxidized by
the steam present in the IGCC stream.

AGr-1ig(T) = AH,

PH
wig + TASHY — RTIn (p—og) (E2)

. o Pi
AGrn-steam = Aern-steam - TAern-stea.m + RTIn <sz2 ) (E3)
H,0
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packed {hcp) site

face-centered
cubic (fcc) site £
sub-fcc site

(b) ()

Fig. 10 Top view of the Pd(111) surfaces: the (a) perfect surface, (b) step surface, (c) vacancy-defective surface (first layer In blue, second layer Pd in

orange, and third layer Pd atoms in purple).®*
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Fig. 11 Optimized adsorption configurations and the adsorption energies (eV) of Hg on Pd/y-Al,03(110). (Pd, Hg, Aland O atoms are in blue, gray, rose

and red, respectively. Bond distances in A).>*
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Fig. 12 (a) Scheme of a p(2 x 2) supercell of (111) surfaces. (b) Threefold
adsorption sites of PA3M binary alloys: a: pure-hcp site, b: pure-fcc site, c:
mixed-hcp site, and d: mixed-fcc site. (c) Threefold adsorption sites of
PdM3 binary alloys: a: pure-hcp site, b: pure-fcc site, c: mixed-hcp site,
and d: mixed-fcc site. (d) Side view of the 3Pd/M(111) structure.?®
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Fig. 13 Center of the d-band of surface atoms of Pd binary alloys and
overlayers as a function of Hg binding energy.?®

3.1.4 Metal oxides. Different synthetic model fly ash com-
ponents such as Fe,O3;, CuO and CaO exhibit significant

3118 | Energy Environ. Sci, 2015, 8, 3109-3133

mercury removal ability.”® In addition, MnO,-based materials
have received a lot of attention because of their high efficiency
of mercury removal, better regeneration and high activity over
long times.?°

In order to reveal the ability of Fe,O; for mercury removal, the
Fe-terminated nine atomic layer slab models of the a-Fe,03(001)
surface with 12 A vacuum region has been built, as shown in
Fig. 14. The mechanisms of mercury and oxidized mercury
species such as HgCl and HgCl, adsorbing on the o-Fe,03(001)
surface have been investigated at the level of DFT.”” All the
calculations were performed using the Cambridge Serial Total
Energy Package (CASTEP). The GGA with the PBE exchange
correlation functional was chosen, a cutoff energy of 300 eV
was used in the expansion of the plane wave basis set, and the
k point sampling with 0.05 A™* spacing was utilized. The result
shows that Hg® is adsorbed on the o-Fe,05(001) surface with the
bonding of Fe atoms. Adsorption energy and bond population
analysis show that the adsorption of Hg” is by physisorption. The
oxidized forms of HgCl and HgCl, can be adsorbed dissociatively
or non-dissociatively. HgCl may be favorable for the adsorption
of Cl and desorption of Hg, and the dissociation of HgCl, with
the binding of Cl and HgCl on the surface is possibly the
dominant interaction pathway. y-Fe,O; is another form of
Fe,03, which can increase the extent of mercury oxidation.’®
However, evidence is insufficient to verify whether y-Fe,O3
reactively captures Hg’. Perfect and oxygen-deficient y-Fe,03(001)
surfaces have been built (Fig. 15), and adsorption energies of Hg
on these surfaces are calculated for different adsorption sites.”®
The GGA-PBE exchange correlation functional was used, and a
cutoff energy of 300 eV was employed. Iron cores were described

Side view

Top view

Fig. 14 The slab model and adsorption sites of the a-Fe,O3(0001) p(2 x 2)
surface.®’
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Fig. 15 The computational models. (a) Perfect y-Fe,O3(001) surfaces (side view and top view) and (b) oxygen-deficient y-Fe,O3(001) surfaces (side view
and top view) (red spheres represent the O atoms and purple spheres represent the Fe atoms).%®

by ultrasoft pseudopotentials. It can be obtained that on the
perfect y-Fe,05(001) surface, mercury is preferably adsorbed on
the bridge site with an adsorption energy of —0.56 eV. The much
stronger interaction occurs at the oxygen vacancy surface with an
adsorption energy of —1.40 eV. PDOS analysis shows that there is
a formation of the hybridized orbital between Fe and Hg, leading
to the strong adsorbate-substrate interaction, which suggests that
the presently described processes are all noncatalytic in nature.

However, Fe,0; is a strongly correlated material. The effect of
on-site Coulomb interaction between strongly correlated electrons
on Fe should be accounted. Standard DFT incorrectly predicts
narrow band gaps for bulk hematite and overestimates the
interlayer spacing in both hematite bulk and surface structures.'*
DFT+U can locally reduce the one-electron potential for the
specified orbitals of the specific atoms (e.g., Fe d orbitals), and
thus lower the hybridization with orbitals of the ligands (e.g;, O
atoms).’®" Accordingly, DFT+U theory should be employed to
obtain more accurate results for strong correlated systems.

CaO is one of the primary constituents in novel sorbents that
could be used to remove mercury in coal-fired power plants, so
the adsorption of mercury and mercury chloride on the
Ca0(001) surface by means of DFT cluster model calculations
has been investigated using the Gaussion 03 package.'*?
B3PW91/stevens for the Hg atom and the 6-31* basis set for
the Cl atom were used, and the Ca atom was described using
the ECP-LANL2 and the LANL2DZ basis set. Different embedding
clusters, including shell models, point charge clusters and bare
clusters, have been compared. A small adsorption energy of
0.22 eV was found when the elemental mercury molecule is
coordinated to the O®>" anion, which inferred that mercury was
weakly physisorbed at the surface of CaO. HgCl, adsorption is more
complex. When the mercury chloride molecular axis was parallel to
the surface, the Hg atom oriented towards the O”~ anion and had a
large adsorption energy, which meant that mercury chloride
adsorbed on the surface is mainly due to chemisorption.

This journal is © The Royal Society of Chemistry 2015

In addition, the effect of temperature on adsorption has been
studied, and it can be concluded that when the temperature
was below 280 °C, the adsorption reaction is spontaneous.
However, when the temperature was above 280 °C, the adsorp-
tion reaction could not react spontaneously, which implies that
high temperature has an adverse effect on adsorption. The
surface relaxation has been tested by Blowers et al.,"®® and the
calculations based on the DFT method were performed using
the Dmol® package'® in the Accelrys Materials Studio. The
DND basis set was employed. LDA with the PWC functional and
GGA with the BLYP correlation functional were used to optimize
structures and calculate single point energy, respectively. It was
found that adsorption energies changed for HgCl,, moving
adsorption from being at the borderline of physisorption and
chemisorption to being strongly chemisorbed, while Hg and
HgCl are unaffected. The minimum cluster size for handling
mercury adsorption was 5 x 5 and only two layers of depth were
needed. The energetic results show that rumpled CaO surfaces
will only weakly physisorb elemental mercury, but could be used
to capture HgCl, from coal combustion flue gases.

Kim et al.'® have also studied the adsorption of Hg, HgCl
and HgCl, on the CaO surface using the cluster model and a
periodic structure. The same software and parameters as those
reported by Blowers et al.’s were used.'® The adsorption of
elemental mercury on the surface is by physisorption with
adsorption energies of 0.27-0.32 eV at different model surfaces.
The adsorption of HgCl on the CaO(001) surface is predicted
through chemisorption, whereas the adsorption energies of
HgCl, on the CaO surface are at the threshold between physi-
sorption and chemisorption. The chlorine atoms released from
HCI and Cl, in the coal combustion flue gas system greatly
enhance the adsorption capability of the CaO according to
these predicted results. The effect of temperature on the equili-
brium constant for the adsorption of mercury-containing species
on the CaO(001) surface was investigated using GGA/BLYP
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calculations in the temperature range of 250-600 K. Tempera-
ture has a stronger effect on the equilibrium constant for HgCl
adsorption than for elemental mercury or HgCl,. The adsorption
energy changes for HgCl adsorbed on the surfaces are quite large
as the temperature varies because the free radical energy of HgCl
is more sensitive to temperature. The equilibrium constant
having the steepest changes for HgCl adsorption versus tempera-
ture is, therefore, intuitive.

Different surfaces have various properties, Hg-containing
species adsorbing on another CaO surface have been investi-
gated.'*® One-fold, 2-fold and 3-fold high symmetry adsorption
sites of the periodic CaO(100) surface (Fig. 16) have been
examined for the species, Hg’, HgCl, HgCl, and HgO. VASP
software was employed using the GGA-PW91 functional. Hg®
has a preferred interaction with the surface oxygen atom with
an adsorption energy of 0.13 eV, which constitutes a weak
interaction. The likely adsorption mechanism of Hg® to CaO
is physisorption. In comparison to the adsorption of HgCl for
both parallel and perpendicular orientations, the adsorption of
Cl and desorption of Hg is 0.13 and 0.16 eV more endothermic
than these orientations, respectively. This small energy differ-
ence indicates that the surface interaction with Cl causes a
decrease in the interaction between Cl and Hg, leading to

Top Oy

Top Ca

Hollow

4= The first layer

4~ The second layer

Fig. 16 Illustration of high-symmetry adsorption sites of CaO(100),
including the bridge site, hollow site, top Os site and top Ca site.1°®

surface; (d) three different MnO,(110) surface configurations. The red and purple spheres represent the O and Mn atoms, respectively.
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stretching of the HgCl bond and possible desorption of Hg,
whereas Cl is strongly bound to Oq sites on the surface. The
comparison of adsorption energies of both parallel and
perpendicular cases demonstrates that perpendicular adsorp-
tion of HgCl, is not stable on the CaO(100) surface. HgCl, has a
preference to bind at the top-Oy site with an adsorption energy
of 0.93 eV. However, HgO may not be stable on the surface,
resulting in the desorption of elemental mercury.

Manganese oxides (MnO,) have been considered as potential
selective catalytic reduction (SCR) catalysts for Hg removal due
to high adsorption ability and high activity in the catalytic
oxidation of Hg° in flue gas.'®” The Hg® removal activity of
MnO, supported on TiO, first increases below 400 °C, and then
decreases with the increase of calcination temperature.'®® CeO,
has been added to this sorbent, and MnO,-CeO,/TiO, shows
high activity for Hg® oxidation at 150-250 °C under simulated
flue gas and SCR flue gas."*® A 6% Ce-6% MnO,/Ti-pillared-clay
catalyst exhibited good adsorption and oxidation ability in Hg®
capture, as well as in the absence of HC1.''® Reactive species on
the catalyst surface react adjacently with weakly adsorbed Hg®
to form Hg>" through the L-H mechanism. NH; consumed
surface oxygen and limited Hg® adsorption, thereby inhibiting
Hg® oxidation. Gas-phase O, can regenerate the lattice oxygen
and replenish the chemisorbed oxygen, which facilitates Hg"
oxidation. 10 ppm HCI plus 4% O, resulted in 100% Hg°
oxidation under the experimental conditions. SO, deactivates
the capability of the catalyst to oxidize Hg® due to its competi-
tion with Hg® for active sites. NO limits the Hg® oxidation due
to its occupation of the active sties and consumption of surface
oxygen. And H,O prohibits the Hg® oxidation due to competition
with HCI and Hg® for active adsorption sites."™" In addition,
MnO,/TiO, and MnO,/CeO,-TiO, materials exhibit high Hg®
adsorption capacities and excellent NO removal performance
both in single-component (NO or Hg°) tests.'** Tin(Sn) and iron
(Fe) have also been tested for their ability to enhance the MnO,

O, top
Obr top

hollow

(G
Fig. 17 Slab models of the MnO,(110) surface. (a) MnO, unit cell; (b) top view of MNO,(110) with six different adsorption sites; (c) side view of MnO,(110)
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sorbent, and the Fe-Sn-MnO, complex exhibited excellent
performance as a novel mercury sorbent.’*

In order to explore the removal mechanism of mercury, the
periodic slab model of the MnO,(110) surface has been built,
which is shown in Fig. 17, and different mechanisms of
Hg-containing species adsorption on this surface have been
investigated using the GGA-PBE functional with the DNP basis
set in the Dmol® package."'* Hg® is strongly adsorbed on the
MnO,(110) surface by chemisorption, and the stable adsorption
energies are 0.81 and 0.71 eV at p(3 x 2) and p(2 x 2) surface
cells, which are different from weak physisorption on the
0-Fe,05(001),”” Ca0(001)'* and Ca0(100)'*® surfaces. More
electrons are transferred from Hg to surface O than to surface
Mn suggesting that Hg® is more easily adsorbed on oxygen sites
of the MnO,(110) surface. The adsorption on the MnO,(110)
surface is highly thermally favorable and belongs to chemi-
sorption. HgCl can exist stably on the surface, since the
desorption of HgCl is highly endothermic, yet there is still a
possibility that HgCl dissociates and Hg desorbs from the sur-
face. HgCl, can exist stably on the surface because desorption
and dissociation are highly endothermic. The temperature effect
on equilibrium constants of mercury species has been investi-
gated, which shows that mercury species adsorption on the
MnO,(110) surface is favorable at low temperature and HgCl,
is more easily captured than Hg® at higher temperature. How-
ever, the oxidation reaction mechanism for Hg® over the MnO,
catalyst is not clear, the effect of other components on the

“Ugyh tOP

Top view

O top

Side view Top view

Fig. 18 The top views and side views of CuO(110) surface configurations.
(@) O-terminated CuO(110) surface and (b) Cu-terminated CuO(110)
surface. The Cu and O atoms are in orange and red, respectively.?
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removal efficiency of MnO, is still unclear, and the influence
of different gases in flue gas on Hg removal has not been studied
at the microscopic level.

Copper based sorbents are widely used to control mercury
emission in coal-fired flue gas. The DFT method is a good tool
to explore the interaction mechanism. The CuO(110) surface
has been chosen to study the binding mechanism of Hg using
the first principles quantum mechanical methods.** The GGA-PW91
functional was used in the CASTEP package. The O-terminated
and Cu-terminated surfaces are both built, see Fig. 18, and Hg
which adsorbs on different surface sites is investigated; adsorp-
tion energies and bond lengths are shown in Table 8. The
results show that Hg binds weakly to the O-terminated CuO(110)
surface, which indicates a physisorption mechanism, while Hg is
strongly adsorbed on the Cu-terminated CuO(110) surface and
chemisorption is the likely adsorption mechanism. The Cugyp,
top is the most advantageous adsorption site with an adsorption
energy of —1.21 eV. The bond population and PDOS are calcu-
lated, which also indicate that Hg atoms preferably adsorb on
the Cu-terminated CuO(110) surface with the binding of Cu
atoms, in which a significant overlap between the d-state of Hg
and the s-states of Cu occurs. However, the effect of temperature
and flue gas constituents (e.g. HCl, NO, SO,, and NH;) on the Hg
adsorption has not been considered.

3.1.5 Other materials. Some surfactants containing oxygen,
nitrogen, and phosphorous show significant mercury removal
capacity. A series of uncharged and ionized surfactant models
were built,""> and the adsorption of elemental mercury on these
surfactants was calculated by the DFT/B3LYP method. Adsorp-
tion energies and Mulliken charge show that the uncharged
polar sites have negligible ability to remove mercury from a flue
gas stream. Ionized surfactants presented much stronger inter-
actions for mercury and proved the importance of ionization of
polar groups for interaction. It is clear that any surfactants
containing phosphate or oxygen could be promising in Hg°
capture. The interaction order of different oxygen-containing
ions with mercury is alkyl phosphate > propanoic acid >
butanoic acid > decanoic acid > phenoxide > benzoate. This
investigation can provide clues and directions for future new
removal materials.

3.2 Heterogeneous oxidation of mercury

From the adsorption of mercury containing species on the different
metals, metal oxides, and other material surface, we can see
that Hg® is mainly adsorbed on many surfaces physically or

Table 8 The optimized bond lengths (A) and adsorption energies (eV) for Hg adsorption on different sites of O-terminated and Cu-terminated CuO(110)

surfaces®?

O-terminated surface

Cu-terminated surface

Site R(Hg-0) R(Hg-Cu) Eaqs Site R(Hg-0) R(Hg-Cu) Eaqs
O top 3.10 3.68 —-0.07 Cugyp top 3.29 2.80 —-1.21
Cugys top 3.06 3.66 —0.11 Cugys top/bridge 2.61 —1.06
Cugyp, top 3.10 4.17 —0.07 Hollow 3.06 2.74 ~1.04
Bridge 2.96 3.89 —0.10

Hollow 3.30 3.38 —0.09

This journal is © The Royal Society of Chemistry 2015
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weakly chemically, and the removal efficiency of mercury will
be seriously influenced by temperature and pressure; mercury
oxides (HgCl, HgCl,, HgS, and HgO) are mainly chemisorbed
on the surfaces. In addition, the mercury oxides can be more
easily captured via solutions due to their greater solubility,
compared with elemental mercury, and HCI, Cl, and H,S can
promote Hg® capture, because Hg® may be oxidized to HgCl,
and HgS.** However, mercury in flue gas will be removed
efficiently only when Hg® can be oxidized to mercury oxides

with proper activation energy.

It is well known that Hg oxidation on the different surfaces
can occur via a L-H""® or an E-R'"” or a M-M mechanism.’" In
the L-H mechanism, both Hg and Cl, (or HCI) are adsorbed on
the surface, and subsequently, HgCl or HgCl, is formed.**
In contrast, in the E-R mechanism, Cl, (or HCI) is adsorbed
on the surface, and then a Hg atom from the gas phase directly

B) Side view

Fig. 19 Perfect Au(111)-p(4 x 4) surface model: (A) top and (B) side views.
Orange and light gray colors represent the top Au surface and the
subsurface, respectively. a, b, and c indicate the adsorption sites of atop,
bridge, and 3-fold, respectively.?*
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attacks the adsorbed Cl species leading to the formation of
HgCl or HgCl,.""® The M-M mechanism is the oxidation of
Hg by a lattice oxidant to form HgO.""® Different mechanisms
will be processed on the different surfaces. And hence, the
oxidation of mercury via different materials will be introduced
in this section.

3.2.1 Metal catalysts. For the reaction of Hg® with HCI
or Cl,, surface-bound chlorine should be available on the Au
surface, based on the fact that Cl, can chemisorb to the Au
surface.’*® Furthermore, Lim et al®* studied the mercury
oxidation mechanism on the Au(111) surface by using the
DFT method with the PW91 functional described by GGA.
The perfect Au(111)-p(4 x 4) surface has been built, as shown
in Fig. 19. The L—H mechanism for Hg oxidation was examined,
and two Hg oxidation schemes were investigated: via the Cl,
molecule (Cl, model) and via 2HCI molecules (HCl model). The
Climbing Image-Nudged Elastic Band (CI-NEB) method has been
employed to calculate the activation energies of HgCl and HgCl,
formation pathways. Fig. 20 shows that the second Cl attach-
ment step is endothermic, and which is the reaction rate-
limiting step. It can be concluded that Hg oxidation prefers a
pathway in which HgCl and HgCl, are formed, rather than a
pathway directly oxidizing Hg to HgCl,. In the presence of H
atoms due to HCI dissociation on the Au surface, the H atoms
serve as an “impurity” on the gold surface that consumes the
electron charge of the gold atoms, thereby lowering the
strength of interaction between the gold atoms and the reaction
intermediates, which ultimately enhances the Hg oxidation
reaction by lowering the activation energy. However, the experi-
ment showed that HCI had weak oxidizing capability compared
with Cl,, and appreciably inhibited mercury oxidation by Cl,
using the gold catalyst.’*! Certainly, the HCl molecule interacts
with Hg in a bound form on the Au surface in the Hg oxidation
mechanism, rather than as gas phase HCL'>* And another
possible reason may be the fact that the surface areas between
the experimental conditions and the pure computational

A) Ci2 model B) HCI model-1 C) HCI model-2
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Fig. 20 Reaction pathways of Hg oxidation on perfect Au(111)-p(4 x 4) surfaces with 9 vacancies via the Cl, molecule (A) and two HCl molecules (B and C

depending on different H atom locations).24
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environment are different. In addition, the defects reduced the
activity of the Au surface, and the oxidation of Hg became more
difficult.

The mercury oxidation by HCI on the Pd(100) surface has
been studied using the CASTEP plane-wave code with the
GGA-PBE functional.® Firstly, Hg® is strongly adsorbed on
the hollow site of the surface with a chemisorption mode; the
adsorption energy is 1.01 eV, which is little higher than that
on the Pd(111) surface with an energy of 0.84 ev.** HCI is
chemisorbed on the Pd(100) surface by side-on orientation, and
its dissociation occurs with a low energy barrier, and this
process is exothermic. Then, adsorbed Hg reacts with HCI that
has previously been adsorbed and dissociated on the Pd(100)
surface via a L-H mechanism; HgCl, is formed directly without
an HgCl intermediate. The result is in good agreement with the
experiment, in which Hg® can be oxidized to HgCl, via HCI over
the Pd/AL,O; catalyst, thereby promoting Hg® capture.”® How-
ever, the energy barriers for Hg oxidation on the Pd(100) surface
are higher in comparison to that on the Au(111) surface,”
suggesting that the Hg oxidation reaction occurs more easily by
the Au catalyst. In addition, H,S showed a negative effect on the
capture of Hg? due to active palladium being occupied by H,S,
and H,O promoted Hg® capture.”

3.2.2 Metal oxide catalysts. V,05; is an important SCR
catalyst, over which Hg® can be oxidized to Hg>". The effect of
HCI, NO, SO,, SO;, and NH; on Hg° oxidization has been
investigated. HCI has a strong influence on mercury adsorption
as well as mercury oxidation. In the presence of higher con-
centrations of HCI in the flue gas, elemental mercury is no
longer adsorbed but oxidized by the catalyst. With an increase
of HCI content from 1 to 50 ppm, Hg oxidation increases from
4% to 63%.'** However, the rate of oxidation decreases with
increasing temperature. The formed HgCl, is more strongly
adsorbed on the catalysts than that of elemental mercury. In
addition, the adsorption of both HgCl, and Hg also decreases
with the increase of temperature, even in the absence of HCL.'**
Ab initio thermodynamics analysis shows that the adsorption
energies of Hg and HgCl decrease with increasing temperature.
At high temperature, the entropy loss during adsorption over-
comes the adsorption energy, breaking the surface-adsorbate
bond. The adsorption of Hg and HgCl is not energetically
favored for T > 300 K.>” NO compared to HCI has only a
slightly accelerating influence on the Hg oxidization.'** SO,
and SO; showed a mitigating effect on mercury chlorination to
some degree, depending on the concentrations of SO, and SO;,
by competing against HCI for SCR adsorption sites.'>* However,
Straube et al.'** believe that SO, shows a small favorable effect
on Hg oxidization. NH; shows a small detrimental effect, while
the simultaneous presence of NO and NH; strongly inhibits
the HCI assisted oxidation of elemental mercury. However, the
effect of NO, SO,, SOz, and NH; on Hg oxidization has not
been studied by using theoretical methods at the molecular-
electronic level.

The effect of halogen species, HF, HCl, HBr, and HI, on the
elemental mercury oxidation across the SCR catalyst has been
investigated."”>'?® It was shown that HBr and HI both have

This journal is © The Royal Society of Chemistry 2015
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much stronger effects on mercury conversion than HCI, and the
order of impact on Hg” oxidation was HBr, HI, and HCI or HF.
Addition of HBr at approximately 3 ppm could achieve 80% Hg°
oxidation. Addition of HI at approximately 5 ppm could achieve
40% Hg® oxidation. In comparison to the empty reactor, 40%
Hg® oxidation could be achieved when HCI addition was up to
300 ppm. However, the enhanced Hg® oxidation by addition of
HBr and HI seemed not to be correlated to the catalytic effects
by both SCR catalysts, which were evaluated.

Different oxidation mechanisms have been provided to
illustrate the oxidization of Hg® over vanadium-based catalyst.
Niksa and Fujiwara''® suggest that the oxidation of Hg to Hg*"
takes place through the E-R mechanism, where HCI competes
for surface sites with NH; and Hg®, and contacts these chlorinated
sites either from the gas phase or as a weakly adsorbed species.
Another mechanism, the Deacon reaction mechanism, has been
suggested by Sliger et al'® 1t is proposed that Hg oxidation is
based on the Cl, reaction. Here, Cl, is catalytically generated by the
interaction of HCI with fly ash and char. Once formed, Cl, rapidly
reacts with Hg, and the oxidized mercury is partially captured by
the char. He et al. and Eom et al.'*'*® show that the monomeric
vanadyl sites on the catalyst surface were found to be responsible
for the adsorption of both Hg” and HCI, which means that they are
active for mercury oxidation. Furthermore, both the Hg and
chlorine species undergo heterogeneous reaction with each other.
Therefore, the formation of the first layer of Hg with the HCl
complex on the surface of the catalyst follows the L-H mechanism.
During the oxidization of Hg, the V°* species is transformed to
the V** species, and consumes the lattice oxygen on the surface of
the catalyst. It may be via the M-M mechanism.*

In order to certify which mechanism is favorable for the
oxidization of Hg® over the V,0s catalyst, a DFT method has
been adopted to investigate the interactions of Hg®, HCI, HgCl
and HgCl, on the V,05(001) surface.** LDA-PWC and GGA-BLYP
were used to optimize structures and obtain adsorption energies,
respectively. The V,05(001) surface was represented by a periodic
model, and different adsorption sites were considered, as
depicted in Fig. 21. Hg adsorbs on the V,05 surface with an
energy of 0.60 eV. The adsorptions of HgCl and HgCl, on the
V,0s5 surface are mainly by chemisorption. The adsorption
energy of HgCl on the V,05 surface is stronger than that of
HgCl,, which means that the HgCl-surface is an important inter-
mediate for mercury oxidation. The chlorine species has a strong
influence on mercury adsorption as well as mercury oxidation.

Fig. 21 Optimized geometries of the V,05(001) surface: (a) the 1 x 2 x 1
surface cell and (b) the 2 x 2 x 1 surface cell. The red spheres denote
oxygen, and the gray ones denote vanadium.®
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The adsorption of Hg° is stronger than that of HCI, so the
oxidation reaction is initiated more favorably by Hg® adsorbing
on the V,05(001) surface, and the adsorbed Hg forms Hgaqs)
over the catalytic surface. Hgqs reacts fairly rapidly with
chlorine species to form surface HgCl, and then reacts with
chlorine species to form surface HgCl,; finally HgCl, desorbs
from the V,0O; surface.

The SCR catalyst with a tetrahedrally coordinated divana-
date unit supported on a 3-layer TiO,(001) slab is modeled to
represent a catalyst with low vanadia loadings.>” Plane-wave
DFT calculations with the GGA-PBE functional were carried out,
and adsorption energy suggests a negligible interaction
between Hg with the vanadia dimer. HCI and HgCl adsorb
more strongly than Hg, and HgCl has a cooperative effect on
the HCI adsorption. Fig. 22 shows the oxidized mechanism of
mercury on the V,05-TiO, SCR catalyst. HgCl is formed follow-
ing an E-R mechanism where gas phase Hg interacts with
adsorbed HCI due to the weak Hg adsorption energies. A L-H
mechanism is proposed due to the stronger HCl and HgCl
interaction with the surface, and the higher concentration of
HCl in the gas phase compared to Hg, both of which make the
adsorption of HCI on surface O more probable than the
interaction of the surface with Hg. This is good in line with
the results reported by He et al. and Eom et al."*"*® However, a
kinetic model is lacking to illustrate this mechanism, and the
activation energy of every step and rate-determining step has
not been obtained. In addition, under flue gas conditions,
water coverage is temperature-dependent. Adsorbed water acts
as a Lewis base, donating electrons to the TiO,(001) surface
support, which increases the negative charge and reactivity of
the oxygen atoms of the vanadia dimer. Therefore, the surface
having H,O adsorbed on a neighboring oxygen atom increases
the adsorption energies of Hg and HC], respectively. The effect
of another active phase WO; on the V,05-TiO, SCR catalyst has
also been studied by using the same method and parameters
with Hg° oxidizing on the vanadia supported on 3-layer
TiO,(001) slab.?® The adsorption energy, the Bader charge
and PDOS have been calculated, and it can be concluded that
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Fig. 22 Proposed mechanism of mercury oxidation on the vanadia—
titania SCR catalyst. Blue arrows indicate an adsorption step, green arrows
indicate a dissociation step, and red arrows indicate a desorption step.%’
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the adsorption energies of Hg, Cl, HCl and HgCl on the binary
monolayer systems (100% V,05-TiO, or 100% WO;-TiO,) are
higher than that of the ternary systems (V,05-WO;-TiO, with
different V,05/WO; ratios), which shows that the latter has a
higher reactivity.

Fe,0; exhibits significant catalytic effects in the oxidation of
Hg’ and a large amount of Hg>" has been formed in the
presence of Fe,0;.°° a-Fe,0; and y-Fe,0; both show effective
oxidization capacity, and therefore remove Hg.”® It is known
that Hg® reacts with chlorine species to form Hg" and Hg”* in
coal combustion flue gas, and mercury chloride is assumed to
be the dominant form of oxide (Hg>") species.”*® In addition,
the presence of H,S and O, can also influence the oxidation
of Hg®.¥h132 The co-adsorption of H,S and Hg on the
a-Fe,03(001) surface was discussed at the GGA-PBE level in
CASTEP, and the L-H and E-R mechanisms are considered to
explore the Hg® oxidization mechanism by H,S.>" Hg” and H,S
was simultaneously placed on the o-Fe,03(001) surface with
different original configurations. After optimization, Hg°
remained on the surface and interacted with the Fe atom,
whereas H,S separated from the substrate. And a huge repul-
sive force was produced between Hg° and H,S during the
optimization process, which shows that the existence of H,S
not only weakened Hg° adsorption, but also restrained its
behavior. So the L-H mechanism is not possible for the
oxidization of Hg’. The E-R mechanism with Hg adsorption
on the H,S/a-Fe,O; surface was verified as the only possible
mechanism behind the reaction process, where H,S is firstly
dissociated in two steps, i.e., H,S - HS+ Hand HS — S + H by
the catalytic effect of o-Fe,0;. The adsorbed sulfur reacts with
gaseous Hg’ to form HgS. In addition, a series of adsorption
experiments has been carried out to verify the mechanism."??
H,S and Fe,O; are both indispensable factors for the high
removal efficiency of Hgo, and Fe,O; behaves much more
actively in Hg® adsorption under the influence of H,S. Hg
adsorption experiments on H,S pre-adsorbed o-Fe,O; shows
that H,S can be adsorbed on the surface of Fe,O;, and the
adsorbed H,S plays a dominant role in subsequent Hg®
removal, which is in good agreement with the results of
theoretical calculations.

0, can also promote the adsorption and oxidation of Hg® to
a certain extent,*® and can easily and efficiently be adsorbed
on o-Fe,03."% So the adsorption of Hg® on the O, embedded
a-Fe,053(001) surface has been investigated at the GGA-PBE
level to clarify the effect of O, on the capture of mercury by
o-Fe,0;."*® Previous experiments™” show that Hg° could be

Table 9 The optimized parameters of Hg® adsorption on substrates for
various coverage degrees™*®

Coverage Eaas (CV) RO*Hg (A) Ro-re (‘&)

0.25 —0.78 2.22 1.91

0.5 —2.20 2.03/2.04 1.95/1.97

0.75 —2.45 2.08/2.06/2.10 1.85/1.91/1.87

11 —2.78 2.16/2.31/2.22/4.99 1.81/1.83/1.89/1.92
1-1I —2.26 2.09/2.09/2.59/4.56 1.69/2.00/1.88/1.81
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oxidized by the active oxygen atom on the surface of nano-
Fe,0;, as well as lattice oxygen in nano-Fe,O;. However, Hg0
prefers to adsorb on the a-Fe,0;(001) surface with the Fe atom,
so the oxidization of Hg® by lattice oxygen has not been
considered. Table 9 shows the optimized parameters of Hg’
adsorption on substrates for various coverage degrees. The
adsorption energy of —0.78 eV at 0.25 ML O coverage implies
that the adsorption mechanism of Hg® on the O/o-Fe,0;(001)
surface belongs to weak chemisorption. In addition, the oxygen
coverage significantly influences the adsorption of Hg°. The
adsorption of Hg® on the surface changes from weak chemi-
sorption into stronger chemisorption as the O coverage increases
from 0.25 to 1 ML, demonstrating that higher coverage of the O
atom may promote Hg” removal.

Zinc oxide (ZnO) is the most widely used agent to remove
sulfur species such as H,S from gas streams, due to the
negative effects of H,S on the environment and chemical
processing.”**'*! The emission of mercury (Hg) in coal has
also attracted growing attention due to its large impact on the
environment and human health.’*”'**> The experimental
results show that sulfur can improve the removal of Hg using
different materials."**'** And the HgS(s) formed is relatively
insoluble and less volatile than Hg®, and thus less harmful.'**
In our previous work,>” the adsorptions of Hg-containing
species on the ZnO(1010) surface were studied by using the
DFT method with the GGA-PW91 functional in Dmol®. Elemental
Hg is weakly adsorbed on the ZnO(1010) surface with an
adsorption energy of 0.28 eV, and PDOS (Fig. 23) shows that
only s and p states slightly broaden and the sharp peak of the d
state of the Hg atom is not changed before and after adsorp-
tion, indicating weak interaction between the Hg atom and the
surface. HgS is strongly bound to the surface with an adsorp-
tion energy of 2.34 eV, which implies that the oxidized form of
mercury is favored for removing mercury from flue gas. There-
fore, the oxidation mechanism of elemental Hg to HgS has also
been investigated. The potential energy diagram shows that
the dissociation of H,S is hardly influenced by the adsorbed
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Fig. 23 PDOS analysis of the Hg atom before and after adsorption on the
ZnO(1010) surface. (a) The free Hg atom and (b) the adsorbed Hg atom.®”
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Fig. 24 The potential energy diagram for the formation of the HgS via E-R
and L—H mechanisms and the corresponding structures.>’

Hg atom. The E-R and L-H mechanisms are considered and
shown in Fig. 24. The kinetics analysis shows that the dis-
sociated S on the surface can easily capture Hg®, leading to the
formation of HgS with activation energies of 0.01 and 0.54 eV
for L-H and E-R mechanisms, respectively. So it can be con-
cluded that ZnO can efficiently remove Hg® in flue gas under an
atmosphere of H,S. In addition, the role of oxygen defect on the
Zn0(1010) surface has been investigated, and shows that it
does not have a significant effect on the adsorption of Hg,
while it enhances the adsorption of HgS. However, the activa-
tion energy for the formation of HgS on the oxygen-vacancy
surface is higher than that on the perfect surface, which shows
that the oxygen defect on the ZnO(1010) surface has an negative
effect on mercury removal.

In addition, Cl, or HCl is also an effective oxidant to oxidize
Hg?, leading to the formation of HgCl,,"**"**° which is generally
thought to be the main oxide in coal-derived flue gas, and
which is slightly less volatile and better water-soluble than
Hg®."° The adsorptions of Cl,, HCl, HgCl and HgCl, are
studied first; from these investigations it can be concluded
that Cl, and HCl are dissociatively adsorbed on the surface, and
the CI atom binds to two adjacent Zn atoms. HgCl primarily
exists in dissociative mode, and only trace amounts of HgCl
existing in molecular mode explains why the concentration of
HgCl cannot be measured directly using experiments."*""*** It
implies that HgCl is not a stable intermediate during Hg®
oxidation by Cl, or HCIl on the ZnO(1010) surface. HgCl, is
strongly adsorbed on the surface in the molecular mode, which
indicates that the oxidation of Hg® is necessary for its removal
from flue gas. Three Hg’ oxidation mechanisms have been
investigated by employing the Dmol® package with the
GGA-PW91 functional (Fig. 25), and HgCl, is easily formed via
both the E-R and L-H mechanisms, with activation energies of
0.04 and 0.55 eV, respectively, while the M-M mechanism is
unfavorable, since a high activation energy of 2.86 eV is needed
for Hg® reacting with the lattice oxygen of ZnO. In addition, the
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Fig. 25 Potential energy diagram for the oxidation pathway of Hg® by Cl, on the ZnO surface.®

influence of H dissociated by HCI on the formation of HgCl, has
also been considered. It is unfortunate that HgCl, is not formed
on the surface when the adsorbed H atoms are present, showing
that the presence of H is disadvantageous to Hg® oxidation and
inhibits the formation of HgCl,. So Cl, is the primary Cl-containing
species responsible for Hg® oxidation on the ZnO surface.*® A
similar result has been obtained using an experimental study of
Hg® removal by Fe,0; in the presence of HCL.***>* However, HCl is
an effective flue gas component for Hg® oxidation over the CeTi
catalyst, which can be adsorbed and reacted with the catalyst to
form active oxychloride. And then, the active surface species react
with adsorbed Hg® leading to HgCl, via the HgCl intermediate
using the L-H mechanism."” On the Au(111) surface, the H atom
from HCI dissociation consumes the electron charge of the gold
atoms, and lowers the strength of interaction between the gold
atoms and the reaction intermediates. Eventually HCI enhances the
Hg oxidation reaction by lowering the activation energy for the
formation of HgCl and HgClL,.>* The situation on the ZnO(1010)
surface is different. The charge of 0.132 e transfers from H atoms to
the surface during dissociative adsorption of HCl on the surface,
thereby strengthening the interaction between the adsorbed Cl
atom and the surface, which ultimately inhibits the Hg® oxidation.

Copper based sorbents are widely used to control mercury
emissions in coal-fired flue gas. CuO nanoparticles were dis-
persed on a quartz filter placed in an oxidation reactor to
oxidize Hg® to Hg*" at low HCI concentrations."*® CuO, impreg-
nated on neutral Al,O; sorbents were found to enhance the catalytic
oxidation of elemental mercury in the presence of hydrogen
chloride (HCI)."” The Hg® vapor was mostly oxidized by sorbents

3126 | Energy Environ. Sci., 2015, 8, 3109-3133

in the presence of relatively high concentrations of HCI due to the
formed active chlorine. As the HCI concentration increases, the
mercury oxidation rate increases as well. The Hg® oxidation rates
also increased with increasing temperature. In addition, the oxida-
tion mechanism of Hg® has been studied, which shows that the
first step is the hydrogen abstraction from HCI, leading to active
chlorine and hydroxyl species. Then, Hg” can be oxidized by the
active chlorine species. The chlorine atoms are supplied by hydro-
gen chloride, so a high concentration of HCI can promote the
mercury removal process. CuO, species act as catalysts via the redox
shift between Cu>* and Cu". Higher temperatures accelerate the Cl
release step. Consequently, the mercury oxidation mechanism of
the sorbents is proposed to follow the M-M mechanism:

Cu”"+0° +HCl < Cu"+Cl” +OH (R13)
Cu"+ 0> +HCl « Cu’+Cl” + OH~ (R14)
Cu" + 0, < Cu” + 0> (R15)

OH +OH < H,0+ 0> (R16)

Hg® + ClI™ « HgCl~ (R17)

HgCl™ + Cl~ + e~ < HgCl, (R18)
HgCly) < HgClaaa) (R19)

Total reaction: Hg + 2HCI + 1/20, < HgCl, + H,O
(R20)

Recently, the adsorption and oxidation of Hg by Cl-containing
species in flue gas on the CuO(111) surface (Fig. 26) have been

This journal is © The Royal Society of Chemistry 2015
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Fig. 26 The slab model of the CuO(111) surface. (a) Side view; (b) top view.
The Cu and O atoms are in orange and red, respectively.>

investigated by using the DFT method with the GGA-PW91 func-
tional in the Dmol® package.*> A weakly physisorbed mode is
obtained for the Hg atom on the CuO(111) surface with an
adsorption energy of 0.28 eV. The mercury oxidation reaction of
Hg” on the CuO(111) surface via Cl, and HCI is examined. Cl
dissociated from HCI or Cl, prefers surface Cu, and the Hg atom in
gas approaches the surface Cl atoms, leading to the formation
of HgCl, via the E-R mechanism. The activation energies are
0.15 and 0.03 eV for Cl, and HCl as oxidants (Fig. 27), respectively.
So the authors believe that the oxidation reaction of Hg® via HCl on
the CuO(111) surface is likely the dominant interaction pathway.
In our opinion, Hg can be easily oxidized by Cl, and HCI over the
CuO catalyst due to both the low energy barriers.

View Article Online

Review

Copper cobaltite, with general formula Cu,Co;_,O,4, is
selected to control the emission of Hg” from the combustion
process owing its oxidation capacity.'*® Cuy 5Co; 504 showed the
best Hg® oxidation ability, and the product is HgO. In addition,
the SO, anti-poisoning ability of Cu,Co;_,O, increased with a

Fig. 28 The notation of atoms in the CuCo0,04(110) slab and the illustra-
tion of two orientations of the CuCo0,04(110) slab. The upper
CuC0,04(110) slab is the top view, and the below is the side view.*®

CuO+Hg(g)+Cly(g)
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Fig. 27 Energy profile of the reaction pathway of Hg® oxidation by Cl, and HCl on the CuO(111) surface and the structures of related intermediates,

transition states and final states.®
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continuous increase of x from 0.75 to 2.25. Therefore, the
periodic CuCo,0,4(110) surface using the four-layer and p(2 x 2)
model has been built (Fig. 28), and different N doped
CuCo0,0,4(110) surfaces have also been built. All calculations
were performed in CASTEP with the GGA-PBE functional.®® In
fact, DFT + U should be used in this strongly correlated
material. The mercury oxidation/chemical adsorption on these
surfaces is studied. On the perfect surface, Hg is physically
adsorbed on the surface with an exothermicity of —0.25 eV.
And then, the Hg atom migrates to O,, or O via (Hg-O,)rs Or
(Hg-Og)rs, with energy barriers of 0.85 or 1.83 eV, respectively.
In addition, the activation energy for the reverse reaction from
IM1 to (Hg-Oy)rs is higher than the other path (Fig. 29), which

1.5 1

£,=1.83

AEad Hg,

-0.5 -

View Article Online
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shows that intermediate M1 is more stable than the inter-
mediate involving Og. The first step is also the rate-determining
step. On the different N doped surfaces, 3N doped CuCo0,0,(110)
may not exist due to its thermodynamic instability. There are
lower activation energies on the 2N doped surface than that on
the 1N doped surface. On the 2N doped surface, there are two
paths for Hg oxidation or chemical adsorption, as shown in
Fig. 30. The reaction on the CuCoO,-N(110) surface is not the
most favorable reaction pathway due to its highest substitution
energy, and the other path on the CuCoO,-Ny,(110) surface
involving Oy, is favorable with an activation energy of 0.69 eV. It
can be concluded that N-doping can increase the activity of
surface O bonded with one Cu*" ion and one Co®" ion (Oy),

(Hg-O)rg

Fig. 29 Reaction pathways of Hg oxidation on the perfect CuC0,04(110) surface.®®

1.6 ©
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Fig. 30 Reaction pathways of Hg oxidation/chemical adsorption on different 2N doped CuCo,04(110) surfaces.*®
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which is in line with the previous experiment.'>® N atoms have
been doped into the crystal lattice of CuCoO, by XRD and XPS
analysis, and shows no adverse effect on both Co®* or Cu**
octahedral cation structure of CuCoO,, and are responsible for
the significant enhancement in Hg? oxidation ability of CuCoO,4
impregnated NH,Cl or NH,Br.

The effect of different flue gases on the removal of Hg has
been investigated in the experiment. SO, has not been oxidized
to increase sulfuric acid concentrations in the flue gas over the
mercury oxidation SCR catalyst, and very little NO has been
oxidized to NO,. These are both positive results for removing
Hg.'®® The CuO-MnO,-Fe,0,/y-Al,0; catalyst was prepared for
gas-phase mercury oxidation, which yielded more than 70%
oxidation efficiency using a simulated flue gas (O,, CO,, HCl, NO,
SO,, H,0 and balanced with N,).*** Without O,, the presence of
HCI inhibited Hg® adsorption and subsequent oxidation due to
the competition for active sites between HCl and Hg° on the
catalyst surface. The E-R mechanism was proposed to explain
the heterogeneous Hg? oxidation. HCI adsorbed on the catalyst
surface was first oxidized to active Cl species by O,. Then the
active Cl would react with gas-phase or weakly bonded Hg® to
produce HgCl,, which can be shown as follows:

4HCl(g) + 0, — 2H,0 + 4Cl*4q) (R21)
Hg*(g] + Cl*(ad) - HgCl(ad) (RZZ)
HgClg) + Cl¥aa)y — HEClyg) (R23)
HgClZ(ad) — HgClZ(g) (R24)

SO, had little effect on Hg® oxidation without O,, however,
the combination of O, and SO, could promote the Hg® oxida-
tion because the oxidation properties were enhanced after the
catalyst was sulfated. The reactions are proposed as follows:'®

SO, + Olattice = SO3 (R25)
2Hg® + SO; — Hg,S0; (R26)
SO, + 1/20, — SO; (R27)
Hg® + SO; + 1/20, — HgSO, (R28)

NO promoted Hg® oxidation due to the formation of multi-
activity NO, species with and without O,, resulting in enhanced
Hg® oxidation, and further formation of Hg(NO;),. The pathway
is shown as follow:

NO + Oygtice = NO, (R29)

NO + 1/20, — NO, (R30)
Hg’ + NO, — HgO + NO (R31)
Hg° + NO, + 0, — Hg(NO3), (R32)

NH; would inhibit Hg® oxidation, but once NH; was cut off,
the efficiency fully recovered.

3.2.3 Other catalysts. HZSM-5-supported Fe and Cu have
been synthesized, and the efficiency of removal of mercury has
also been determined."®*'** Fe/HZSM-5 and Cu/HZSM-5 possessed
a strong ability for Hg® removal. O, can promote Hg® oxidation

This journal is © The Royal Society of Chemistry 2015
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while SO, inhibits Hg® oxidation. The product is probably
adsorbed HgCl, below 200 °C over the Fe/HZSM-5 catalyst,
and the product might be both adsorbed and gaseous HgCl,
above 200 °C. For the Cu/HZSM-5 catalyst, the Hg® removal
efficiency enhanced and then decreased with the increase of
reaction temperature. HZSM-5 modified by CeO, has also been
prepared. The acidic sites of HZSM-5 could effectively adsorb
Hg" from the flue gas, and CeO, promotes the oxidation of
adsorbed Hg®."®® The optimal loading is 6%, and which has
high Hg° removal efficiency at a reaction temperature below
300 °C. Additionally, the presence of H,O has an adverse effect
on Hg° removal, while O, can promote the removal efficiency of
NO and SO, for Hgo. Besides, the reduced metal oxides can be
reoxidized by O,, and the lattice oxygen replenished, therefore,
the high chemisorbed sites on the CeO,/HZSM-5 are maintained.
The possible mechanisms are shown as follow:

Hg’) + HZSM-5 < Hg’.q) (R33)
Hg’) + HZSM-5 < Hg’q (R34)
Hg’(q) + 2Ce0, — HgO(q) + Ce,0; (R35)
2Ce,0; + O, — 4Ce0, (R36)
INO(, + 05 =2 2NO, g (R37)
250, (g) + 05 —2 280340 (R38)
NOy(ad) + Hg(aa) = NO + HgO(q) (R39)
SO3(aq) + Hgaa)y = SO, + HZO(q) (R40)
SO3ad) + Hg(ad) = HESO04(a) (R41)

Although there is no theoretical study on the adsorption
and oxidation of Hg over the zeolite catalyst. It is worth noting
that gaseous molecules are generally dispersed in the zeolite
channels as a monolayer dispersion during their adsorption,*¢®
and an accurate description of weak intermolecular inter-
actions is necessary because the conventional DFT method
cannot provide reliable results for this interaction.'®”"'°® Many
correction methods have been developed,'®”> among them
are widely used Grimme’s dispersion correction ones.'”*7
The DFT with dispersion correction (DFT-D2) method has been
used to study adsorption and dimerization of propene to C6
species inside the main channel of zeolite SAPO-5, resulting
from the substitution a P atom with a Si atom in AIPO,-5.>7¢
The crystallization thermochemistry, structure stabilities and
acid properties of B-, Al, and Ga-incorporated H-, NH,-, Li-,
Na- and K-forms MTW zeolites have also been studied using the
DFT-D2 method."””

3.2.4 Comparison of different mercury removal technologies.
The oxidation mechanisms of Hg” on different catalyst surfaces
have been studied by using the DFT method; the different soft-
ware and functionals, the energy barriers and the possible
mechanisms are listed in Table 10. On these surfaces, the lowest
barrier is only 0.01 eV when S is doped on the ZnO(1010) surface
via the E-R mechanism, while the highest barrier is 3.12 eV
when S is on the O-vacancy ZnO(1010) surface via the E-R
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Table 10 The energy barriers and the possible mechanisms of Hg®
oxidation with different oxidants on the different surfaces

Software and E,
Surfaces functional Oxidants (eV) Mechanism
Au(111)* VASP, GGA-PW91  Cl, 0.22 —
HCI 0.14 —
Defect Au(111)**  VASP, GGA-PW91  Cl, 0.52
HCI 0.22 —
Pd(100)*° CASTEP, GGA-PBE  HCI 0.66 L-H
o-Fe,05(001)* CASTEP, GGA-PBE  H,S — E-R
V,05%7 VASP, GGA-PBE HCI — L-H
Zn0(1010)*° Dmol®, GGA-PW91 Cl, 0.55 L-H
0.04 E-R
2.86 M-M
Zn0(1010)*” Dmol®, GGA-PW91 S 0.54 L-H
0.01 E-R
O-vacancy Dmol®, GGA-PW91 S 2.54 L-H
Zn0(1010)*” 3.12 E-R
Cu0O*’ Dmol®, GGA-PW91 Cl, 0.17 E-R
HCI 0.03 E-R

mechanism due to S filling into the O vacancy site. It infers that
the surface defect has an adverse effect on the oxidation of Hg’
similar results have been obtained on the Au(111) surface, and
the defect on the surface also suppresses the oxidation of Hg®.
However, the effect of defects on the other surface upon the Hg®
oxidation is lacking. In addition, the kinetic parameters have not
been obtained for Hg® oxidation on some catalyst surfaces,
which results in difficulties in comparison with different cata-
lysts. Focused on the reaction of Hg” oxidizing to HgCl, by Cl,,
the activation energies with catalysts are lower than that without
catalysts at different theoretical levels,*® which implies that the
oxidation reaction can be effectively accelerated.

4. Conclusions

The understanding of adsorption and oxidation of mercury has
been improved through studies using computational chemistry
methods. However, these theoretical studies are mainly based
on the experimental results, especially for choosing research
materials, and prediction of new materials according to the
theoretical results is lacking. We believe that computational
chemistry can quickly guide experiments towards promising
sorbent materials.

In previous work, some oxidation kinetics data are lacking;
these can provide a more detailed and deep understanding of
the activity of catalysts. In addition, the theoretical results are
obtained by different methods or parameters, which results in
difficulty in comparing the properties for different materials, so
a systemic study is needed.

Notably, the current models have been built according to the
main active metal or metal oxides. In fact, the support plays an
important role in mercury removal, which not only disperses
the active constituent, but also works with the active constituent
via the coordination effect. In addition, defects on the surface
also have a significant influence on the properties of catalysts,
some of which can promote mercury removal, but some of which
decrease the removal mercury ability. For future studies, the

3130 | Energy Environ. Sci., 2015, 8, 3109-3133
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effect of support, and different surface defects on the mercury
oxidation should be considered.

Furthermore, the mercury removal capacity of different
materials will be influenced by different gases in the atmo-
sphere, including CO, H,, O,, NO and SO,, some of which can
promote mercury removal, but some can also inhibit removal
ability. In the future, the effect of real flue gases on the
adsorption and oxidation of Hg should be investigated by using
the theoretical calculation method.

Last but not least, activated carbon is with large surface area,
and is widely used to be as a supporter. Metals or metal oxides
can effectively catalyze the dissociation of HCI, Cl, and H,S to
provide activated oxidant, thereby promoting the oxidation of
Hg®. However, metals with high Hg removal efficiency are
generally noble metals. Therefore, metal oxides loading on
activated carbon materials may be a promising research in
theory and experiment, which can combine the advantages of
these two materials. And both high removal efficiency of Hg
and low cost are considerable.
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